Poliovirus was irradiated with u.v. light under conditions causing approx. 5 % cross-linking of capsid protein to virus RNA. Cross-linked RNA-protein complexes, freed from unbound protein, were treated with nuclease, and then analysed on SDS-polyacrylamide gels. The smallest capsid polypeptide VP4 was found to be associated with the RNA to the greatest degree, followed by VP2 and VP1, while VP3 was attached only in trace amounts. Low radiation doses, which produced cross-linking of RNA to protein, did not cause breakdown of the virus particles or conformational changes of the capsid as examined physically and serologically. However, higher doses caused structural alterations of the virus capsid.
Structural investigations on the poliovirus capsid have been made using several methods, such as chemical modification with monofunctional reagents (Lonberg-Holm & Butterworth, 1976; Beneke et al., 1977; Wetz & Habermehl, 1979) , and bifunctional reagents (Wetz & Habermehl, 1979) . The results suggested that VP1 and VP3 are adjacent and externally located. VP2 was inaccessible with these reagents, indicating that this protein may be partially internally located. Some controversy on the location of VP4 has been raised: from the inaccessibility of VP4 to chemical reagents it has been concluded that this protein is most probably internally located. However, it dissociates very easily from the virion after different treatments, such as heat (Drees & Demme, 1966; Breindl, 1971) , alkaline pH (Katagiri et al., 1971) and urea (Vanden Berghe & Boey6, 1973; Drzeniek, 1975) .
However, there is little information about the protein-RNA interface of poliovirus. Recently, covalent linkages between RNA and capsid proteins of Mengo virus were obtained by u.v. irradiation of the virus (Miller & Plagemann, 1974) . Likewise, strong interactions between the RNA and capsid proteins of poliovirus have been suggested to occur after u.v. irradiation (Katagiri et al., 1967) .
In the present communication u.v.-induced RNA-protein cross-links of a plaque variant of poliovirus type 1 (Mahoney) are described. Aliquots of double-labelled virus (with [3H]uridine in the RNA moiety and 14C in the proteins) were irradiated in ice-cooled plastic containers at a solution depth of 1 mm. Irradiation was performed at a distance of 10 cm from a mercury germicidal lamp (Osram HNS 10 W), emitting mainly 254 nm wavelength light and giving an intensity of 32 j/m2/s at the surface of the virus suspension. The extent of the photo-reaction could be estimated after disruption of the virus by SDS [2% SDS, 6mM-2-mercaptoethanol (2-ME), 2 min at 100°C] and subsequent sucrose gradient centrifugation (Fig. 1 a) . The sedimentation profile revealed that protein was associated with the RNA peak (fraction 15), whereas the bulk of protein remained at the top of the gradient. The amount of protein associated with the RNA increased with time of irradiation. The position of the RNA peak corresponded to the 35S RNA peak of phenol-extracted RNA of non-irradiated virus. In contrast, when non-irradiated virus was disrupted by SDS and applied to sucrose gradient centrifugation, little protein was found to be associated with the RNA band. The ethanol-precipitated ribonucleoprotein (RNP) complex of irradiated virus recycled to the same position, but the peak declined and a portion of the RNP remained at the
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Short communications top of the gradient. The ratio of RNA to protein obtained from the first gradient was the same in the 35S peak and the top fractions of the recycled gradient. This demonstrated the specificity of the complex. Similar results were obtained when the samples were examined by agarose-acrylamide gel electrophoresis (not shown). The RNA peak from irradiated virus contained some protein while the free protein migrated faster with the front.
As equal amounts of virus were used, the samples could be quantitatively compared, and the amount of protein associated with the RNA could be calculated from a graph such as Fig.  1 (a) . Assuming that the proteins were equally labelled, the radioactivity in the RNA peak was expressed as a percentage of the total radioactivity. Substantial amounts of protein associated with the RNA were detected after 15 s of irradiation when the infectivity of the virus was already reduced by about 5 logs. Thus, it would appear that inactivation is due to damage of the RNA itself rather than to cross-linking between RNA and protein.
With increasing doses of u.v. light, increasing amounts of protein were found to be associated with the RNA. The kinetics of the cross-linking reaction as analysed by sucrose gradient centrifugation are shown in Fig. 1 (b) . The curve showed no linearity between percentage of cross-linking and time of irradiation, presumably as a consequence of photo-induced fractures of RNA strands at higher radiation doses, After irradiation for 32 min, 7.2% of the total protein was bound to the 35S RNA peak while 35% of the total RNA remained at the top of the gradient. Since the amount of the bound protein was reduced by the amount associated with RNA degradation products, the percentage of cross-linked proteins approached a plateau.
Photo-induced RNA-protein cross-links are not reversible and so identification of the proteins reacted required total digestion of the RNA. In a series of experiments 3H-protein-labelled virus was irradiated for 8 min whereby 5 % of the total protein was associated with the RNA. After digestion with RNase A and RNase T~ the liberated proteins were analysed in polyacrylamide gels. The four capsid proteins were found to be associated with the RNA: VP1, VP2 and VP4 to a much greater extent than VP3 (Fig. 1 c) . In this series of experiments the ratio of the cross-linked proteins did not change significantly. With shorter times of irradiation, 5 or 2 min respectively, the total amount of protein bound to the RNA was reduced. However, the ratio of the proteins remained constant, as compared to the 8 min period. It was therefore possible to calculate the number of bound proteins from the amount (c) SDS-polyacrylamide gel electrophoresis of photo-cross-linked, 3H-labelled poliovirus capsid proteins after digestion of the ribonucleoprotein complex with RNase A and RNase TI: Q, 3H-labelled protein; in co-migration with 14C-labelled poliovirus capsid proteins (O, ~4C-protein)-Migration is from left to right. Five A2n 0 virus units were irradiated for 8 min and the isolated RNP complex was incubated with RNase A and RNase T~ (5 #g RNase A and 5/zg RNase T~ to 20 #g RNA) for 1 h at 37 °C. After addition of 20/zl a4C-protein-labelled virus, the solution was made 1 M-urea, 6 mM-2-ME, 2% SDS and incubated at 100 °C for 2 min. This mixture was then electrophoresed on cylindrical gels (5 × 180 ram) containing 12.5% polyacrylamide, 0.25% methylenebisacrylamide, 3% urea, 0.1% SDS. Electrophoresis was performed at a constant current of 5 mA/gel. The gels were cut into 1 mm slices. The slices were solubilized with 30% HzO z and radioactivity was counted. Numbers 1 to 4 refer to VP1 to VP4 respectively. (d) Radial immunodiffusion of native and irradiated poliovirus against rabbit antiserum to poliovirus, performed in 1% agarose, 20 mM-tris-HC1 pH 7.4, 0.02% sodium azide. Antigens and antiserum were diluted with phosphate-buffered saline. Ten/zl samples were placed into each well and diffusion was allowed to proceed in a moist chamber for 3 days at 22 °C. 1, Antiserum to virus, 1 : 3 diluted; 2, non-irradiated virus, 9 x 101° particles; 3, 2 min-irradiated virus, 9 x I0 a° particles. * For each irradiation time the calculation was performed using the following formula:
where ct/min VPx = amount of radioactivity of the capsid protein VPx (X = 1, 2, 3, 4) obtained from Fig. 1 (c) , ct/min T = total amount of radioactivity associated with the RNA obtained from Fig. 1 (a) , d T = tool. wt. of the total protein mass bound per virion (calculated from Fig. lb) assuming that a virion comprises 60 copies of each eapsid protein (Rueckert, 1976) , d VPx = mol. wt. of the capsid protein VPx (Kitamura et al., 1981) , and n VPx = molecules of the capsid protein VPx cross-linked to one molecule of RNA per virion.
of radioactivity obtained from the electrophoresis pattern (Table 1 ). This calculation shows that primarily VP4 was associated with the RNA, followed by VP2 and VP1. The number of molecules of these proteins which were photo-cross-linked to the RNA was progressive with time. It is therefore reasonable to assume that VP4 and VP2 are adjacent to the RNA and to a lower degree also VP 1, but the results do not totally exclude contacts between photoinsensitive regions of VP3 and/or the RNA.
In some experiments the electrophoresis pattern revealed that the larger proteins migrated more slowly than the marker proteins by a maximum of three fractions and VP4 consisted of two peaks, one running with the marker and the other displaced by five fractions (not shown). This was probably due to incomplete digestion so that residual RNA was associated with the proteins. However, in no experiment did the liberated proteins move faster than the marker proteins. There is evidence that the proteins were covalently linked to the RNA, because they were not removable from the RNP complex by the acetic acid extraction procedure (Hardy et aL, 1969) and the proteins could only be detected on the electrophoresis pattern after digestion of the RNP complex with nucleases.
In any cross-linking reaction it is important to determine whether the structure of the particles has been affected, since it has previously been reported that higher doses of u.v. light induce conformational changes of the capsid (Katagiri et al., 1967) , accompanied by the transformation from D-(N-) to C-(H-) antigenicity of the virus (Roizman et al., 1959; Le Bouvier, 1959; Katagiri et aL, 1967) . Up to 2 min irradiation, however, all the virus sedimented in sucrose gradients at 156S like untreated virus. Higher radiation doses produced particles with a reduced sedimentation coefficient of 104S which contained the same mass of RNA and coat proteins as did untreated virus (not shown). The antigenic properties of the virus before and after irradiation were compared by radial immunodiffusion tests. Antigenic identity was observed by the fusing precipitin bands of non-irradiated and 2 min-irradiated virus against rabbit antiserum to native virus (Fig. 1 d) . The additional faint line at the 2 min irradiated sample probably reflects minor antigenic alterations. Principal changes of the antigenic properties occurred particularly at higher radiation doses, since the precipitin bands indicated only partial identity or non-identity (not shown).
Both tests pointed to a close structural relation between native and 2 min-irradiated virus, and indicated that low radiation doses scarcely affect the structure of the capsid. It is therefore reasonable to assume that the proteins, which were found to be cross-linked to the RNA particularly at low radiation level, reflect the actual arrangement of the coat proteins. A more detailed analysis of the structural changes of the capsid will be described in a subsequent publication.
